The physiological function of ion channels is affected by protein-protein and proteinmembrane interactions that modulate their activity and/or localization. Palmitoylation modulates protein function by facilitating targeted membrane association, interaction with other proteins, and determining subcellular localization. In this study, we demonstrate that the voltage-gated potassium channel Kv1.5 is palmitoylated and that mutation of C-terminal cysteines is sufficient to abolish palmitoylation of the Kv1. Palm-in the plasma membrane as compared with the wild-type FL-Kv1.5 channels. We conclude that the Kv1.5 channel is palmitoylated and that its palmitoylation modulates its biological functions and therefore might provide a physiological link between metabolic state and expression of Kv1.5 on the plasma membrane.
INTRODUCTION
-9 -M when they were filled with (in mM) 50 KCl, 65 K-glutamate, 5 MgCl 2 , 5 EGTA, 10 HEPES, 5 K 2 -ATP, and 0.2 Tris-GTP (pH 7.2). The extracellular bath solution contained (in mM) 140 NaCl, 5.4 KCl, 1 CaCl 2 , 1 MgCl 2, 0.33 NaH 2 PO 4 , 7.5 glucose, and 5 HEPES (pH 7.4). The currents were recorded at room temperature (21 23 o C). The holding potential was 70 mV; the test potential ranged from 60 to +60 mV, lasting 400 ms, and the tail currents were recorded at 30 mV. The data are expressed as means ± SE.
Analysis of variance (ANOVA) was applied to the multigroup data. Student's t-test was used to compare unpaired data between two groups, and a two-tailed P < 0.05 was taken to indicate statistical significance.
Incorporation of palmitic acid. CHO cells were transiently transfected with FL-Kv1.5
(WT) or FL-Kv1.5 Palm-expression vectors. Forty-eight hours after transfection, cells were washed twice with F-12 medium without FBS, followed by incubation for 45 min in F-12 medium containing 5% dialyzed fetal calf serum (FCS) . Cells were incubated with 1 mCi of [9, H]palmitic acid for 2 h at 37 o C in 2 ml of F-12 medium containing 10% dialyzed FCS. After incubation, the cells were washed extensively with PBS (137 mM NaCl, 2.6 mM KCl, 10 mM Na 2 HPO 4 and 1.8 mM KH 2 PO 4 ) and lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS) containing 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF), and a protease inhibitors cocktail (Roche). The lysates were rocked end over end for 15 min at 4 o C, and centrifuged at 15,000 rpm for 15 min at 4 o C. Clear lysates were incubated overnight with anti-FLAG monoclonal antibody at 4 o C, incubated with the Protein A/G
Sepharose beads for 4 6 h at 4 o C, and pelleted by centrifugation at 3,000 ×g for 20 sec o C in the dark to oxidize the cell-surface carbohydrate residues. After oxidation and extensive washing with PBS-CM, fresh pre-warmed F-12 medium containing 10% FBS was added and the cells were returned to the incubator to proceed with the internalization process. At specified times (t = 0 300 min) the cells were rewashed three times with PBS-CM and labeled with 2 mM biotin-LC-hydrazide in 100 mM sodium acetate (pH 5.5) for 30 min at 4 o C in the dark. Following biotinylation, the cells were washed extensively with PBS-CM and lysed in RIPA buffer containing 1%
Triton X-100, 1 mM PMSF, and a protease inhibitors cocktail (Roche). Biotinylated proteins were isolated by incubating with streptavidin-agarose beads for 12 16 h at 4 o C.
After end-over-end mixing of the mixture overnight at 4 o C, biotin-streptavidin agarose complexes were harvested by centrifugation at 3,000 ×g for 1 2 min, and were washed three times with RIPA buffer. The beads were resuspended in 2 × SDS sample buffer and boiled for 3 5 min at 95 100 o C; biotinylated proteins were resolved by SDS-PAGE and transferred onto a nitrocellulose membrane. The proteins were analyzed by immunoblotting with anti-FLAG.
Immunoprecipitation and western blot analysis of Kv1.5. The immunoprecipitation experiments were carried out as described previously (29, 31) . Protein samples were heated in SDS sample buffer, and the proteins were resolved by electrophoresis on 8% or 10% SDS-polyacrylamide gels. The proteins were transferred electrophoretically onto a nitrocellulose membrane and immunoblotted with affinity-purified anti-FLAG monoclonal antibodies (2 5 µg/ml) for 1 h. Blots were incubated with horseradish peroxidase-conjugated secondary antibody at 1:10,000 for 1 h. Immunoreactive proteins were detected by enhanced chemiluminescence (ECL, Pierce).
Immunofluorescence microscopy. FL-Kv1.5 (WT) or FL-Kv1.5 Palm-stable CHO cells were grown to 50 -60% confluence on glass cover slips in six-well plates, fixed in 4% paraformaldehyde in PBS for 15 min at room temperature, permeabilized with 0.2%
Triton-x 100 in PBS for 5 min at room temperature, and blocked with 5% donkey serum in PBS for 1 h at room temperature (29, 31). The cells were then incubated with rabbit polyclonal or mouse monoclonal antibodies at 1:100 250 in 5% donkey serum for 1 2 h. and examined palmitoylation in the presence of the specific PAT inhibitor 2-bromopalmitate. We observed that the addition of 30-µm 2-bromopalmitate completely inhibited Kv1.5 palmitoylation (Fig. 1B, lane 2) , indicating the specificity of the palmitoylation reaction. Fig. 1B also shows that Kv1.5 palmitoylation is posttranslational, because it was not inhibited by the addition of cychloheximide at 40 µg/ml (lane 3). Treatment with 1 M hydroxylamine but not treatment with 1 M Tris at pH 7.0 resulted in complete removal of palmitic acid (Fig. 1C) , indicating a thioester linkage between palmitic acid and cysteine rather than amide or oxygen ester linkages.
To further characterize Kv1.5 palmitoylation, we examined the palmitate turnover on Kv1.5 polypeptide by labeling transiently transfected CHO cells with [ 3 H]palmitate followed by a chase with an excess of unlabeled palmitate (100 µM). Our results revealed that the palmitoylated Kv1.5 polypeptides were no longer detectable after 60 min ( Fig. 1D) , and the densitometric analysis showed that the decay of palmitoylated Kv1.5 polypeptide followed a monoexponential pattern with an apparent half-life of ~10 min (Fig. 1E ). It is important to state that the half-life of 10 min represents the turnover rate of the palmitoyl moiety on the pool of membrane Kv1.5 polypeptide that is palmitoylated, and not the half-life of the FL-Kv1.5 (WT) polypeptide as such. Fig. 2A) . To map the palmitoylation sites, we divided the cysteine residues into two groups, the N--23 -conserved among multiple Kv1 channel family members and several other regulatory proteins. However, identification of the palmitoylation site in our studies revealed that it does not correspond to the aforementioned consensus sequence but rather that it is surrounded by hydrophobic amino acids (Fig. 2D) . It is very likely that the presence of hydrophobic amino acids near the palmitoylation site influences Kv1.5 palmitoylation, such as in the endothelial form of nitric oxide synthase (25). It has also been reported that hydrophobic residues enhance the palmitoylation of PSD95, a scaffolding protein of the MAGUK family that is important for the clustering of neuronal receptors at postsynaptic densities (25) and GAP43 (46). Furthermore, in G-protein-coupled receptors, clusters of hydrophobic and positively charged amino acids often precede and follow, respectively, palmitoylated cysteines. Our results thus suggest that structural features rather than specific sequence requirements are likely to be the key factors that influence Kv1.5
palmitoylation.
Our results demonstrate that the cysteine substitution at position 593 of Kv1.5 significantly slows the rate of channel internalization (Fig. 6) , which leads to an increase in the numbers of channel molecules on the cell surface and concomitantly to higher potassium currents. These changes resemble those reported in human Kv1.5 (51), which demonstrates that although intracellular cysteines were required for S-acylation, mutation of these residues resulted in an increase in Kv1.5 cell surface expression and increase in the current density, but that study did not explore the mechanism leading to increased potassium currents by C-terminal cysteine mutation. Thus, our findings represent a novel role of protein palmitoylation and show that palmitoylation can modulate steady-state 
